This phase 2 study evaluated the efficacy and safety of the oral farnesyltransferase inhibitor tipifarnib in adults with refractory or relapsed acute myeloid leukemia (AML). Patients (n ‫؍‬ 252) received tipifarnib 600 mg twice a day for 21 days in 28-day cycles. Median age was 62 years; 99 (39%) patients were 65 years or older. Eleven (4%) of 252 patients achieved complete remission (CR) or complete remission with incomplete platelet recovery (CRp; 9 CR and 2 CRp). Nineteen patients (8%), including those who achieved CR/ CRp, achieved a reduction in bone marrow blasts to less than 5% blasts. Bone marrow blasts were reduced more than 50% in an additional 8 patients (total ‫؍‬ 27; 11%). Median survival was 369 days for patients who achieved CR/CRp. Myelosuppression was the most common adverse event. The most common nonhematologic toxicities were fever, nausea, and hypokalemia. Single-agent treatment with tipifarnib induced durable CR/CRp, which was associated with prolonged survival, in some patients with refractory or relapsed AML. The response rate observed in this heavily pretreated group of patients suggests the requirement to enhance the response rate either by combining tipifarnib with other active agents or determining factors that are predictive of response. (Blood. 2007;109:5151-5156)
Introduction
Tipifarnib (Zarnestra; R115777) is a selective and orally bioavailable farnesyltransferase inhibitor (FTI) that inhibits the proliferation of a variety of human tumor cell lines in vitro and in vivo. 1, 2 It does not appear to be a substrate for the P-glycoprotein product of the MDR1 gene. 3 Observations from patient-derived samples in culture indicate that leukemic blasts are more sensitive to the cytotoxic effects of tipifarnib than are normal cells. 4 The original target mediating the antiproliferative effects of FTIs was thought to be the oncogenic Ras protein, 5 which requires farnesylation for proper intracellular localization and function. However, recent data demonstrate that the presence of a ras mutation is not required for the antiproliferative effects of tipifarnib. 6 Nevertheless, interference with Ras signaling remains, at least in part, a possible mechanism of action. Indeed, a phase 1 study demonstrated that tipifarnib suppressed constitutively active extracellular signal regulated kinase (ERK) phosphorylation, a potential surrogate of Ras activity, in 4 of 8 patients within 1 week of starting therapy. 6, 7 Based on the proposed mechanism of action, tipifarnib has been tested in patients with a number of hematologic malignancies in which Ras or other farnesylated proteins play a role in the molecular basis of the disease. Complete (CR) and partial remissions (PR) have been observed in patients with high-risk myelodysplastic syndromes (16%, CR ϩ PR), 8 chronic myeloid leukemia, 9 and juvenile myelomonocytic leukemia. 10 In a phase 1 clinical study conducted by Karp et al, 6 tipifarnib induced complete and partial remissions in 8 of 25 adults with refractory, relapsed, or untreated poor-risk acute myeloid leukemia (AML). The maximum tolerated dose was 1200 mg twice a day, but significant renal and central nervous system toxicity was observed at 900 mg twice a day. Therefore, the recommended dosing regimen for subsequent studies of patients with AML was 600 mg PO twice a day administered for 21 consecutive days in 4-week cycles. This multinational phase 2 study was conducted to extend and confirm the findings of the phase 1 study. A correlative study that identifies molecular markers predictive of response/resistance to tipifarnib is reported separately.
with evidence of increasing blast counts on 2 consecutive samples) who were refractory to or relapsed after induction therapy were enrolled. Relapsed AML was defined as the recurrence of disease Ͼ 6 months after CR. Refractory AML was defined as follows: patients Ͼ 60 years of age who failed 1 induction regimen; patients Յ 60 years of age who failed 2 but no more than 3 regimens; or patients who had a recurrence of disease Յ 6 months after a CR. Any white blood cell count was permitted. Control of hyperleukocytosis with hydroxyurea or plasmapheresis was permitted up to 24 hours before study entry. Patients were eligible if they had an Eastern Cooperative Oncology Group (ECOG) performance status score of 0-2, serum creatinine and total bilirubin levels within 1.5 times the upper limit of normal, and transaminase levels within 2.5 times the upper limit of normal. Patients with an active systemic infection were eligible only if they were afebrile with stable vital signs and receiving antibiotics.
Patients were not eligible if they had active central nervous system (CNS) leukemia or uncompensated disseminated intravascular coagulation or had participated in another investigational study within 3 weeks of scheduled tipifarnib administration. Patients provided signed informed consent in accordance with the Declaration of Helsinki. The appropriate ethics committee or institutional review board, in accordance with the regulations of each participating country, approved the protocol and informed consent documents.
Study design and treatment schedule
The starting dose of tipifarnib was 600 mg administered orally twice daily for 21 consecutive days in 4-week cycles. Therapy could continue until disease progression or unacceptable toxicity. Treatment with tipifarnib was withheld for instances of treatment-related grade 2 neurologic toxicity, grade 3 or 4 nonhematologic toxicity, or grade 4 granulocytopenia or thrombocytopenia. Dose reductions of tipifarnib to 300 and 200 mg twice daily were implemented after the first and second occurrences of protocoldefined toxicity, respectively. Dose escalation of tipifarnib to 900 mg twice daily was permitted after 3 cycles of treatment for patients without significant drug-related toxicity whose best response up to that point was partial remission (PR) or stable disease (SD). A review of treatment diaries by the investigators was used to assess patient compliance.
Efficacy and safety evaluations
Complete blood counts with differential, electrolytes, aspartate aminotransferase, alanine aminotransferase, total bilirubin, and creatinine were obtained, and a physical examination was to be performed before study entry and on days 1, 8, 15, and 22 of each treatment cycle. Bone marrow aspirate and biopsy were to be obtained before study entry and every other cycle thereafter, and were reviewed by an independent hematologist.
Complete remission (CR) was defined as less than 5% bone marrow blasts with a neutrophil count of more than 1000/L, a platelet count of more than 100 000/L, and no extramedullary disease. CR with incomplete platelet recovery (CRp) was defined similarly except that the platelet count could be less than 100 000/L in the setting of transfusion independence. Partial remission was defined as a 50% or better decrease in bone marrow blasts with partial neutrophil (Ͼ 500/L) and platelet count (Ͼ 50 000/L) recovery. Complete and partial remissions were to be confirmed at least 4 weeks after first documentation. Progressive disease was defined as a 50% or more increase in bone marrow or circulating blasts, new development of circulating blasts on at least 2 consecutive determinations, or development of extramedullary disease. To further characterize the antileukemic activity of tipifarnib, 2 additional groups of patients are reported: patients who achieved a morphologic leukemia-free state 12 defined as a bone marrow blast count less than 5%; and patients with more than 50% reduction in bone marrow blast count.
The duration of CR was calculated from the first day of remission until documentation of PD. Overall survival was calculated from the first day of tipifarnib administration until death. Adverse events and laboratory values were classified according to the National Cancer Institute-Common Toxicity Criteria (version 2.0).
Pharmacokinetics
Detailed pharmacokinetics were characterized in 17 patients. Venous blood samples were collected on study day 1 immediately before and 0.5, 1, 2, 3, 5, 8, and 12 hours after tipifarnib administration. Sparse sampling was to be performed in all other patients. Population pharmacokinetics studies are published elsewhere as part of a pooled analysis from a number of tipifarnib studies. 13 
Statistics
The sample size was determined using CR/CRp rate as the primary efficacy end point. The protocol specifies that the per-protocol population (defined as all patients who completed at least 21 days of treatment with tipifarnib) be used for the primary analyses. A Simon 2-stage design was specified based on per-protocol patient numbers. A total sample size of 154 per-protocol patients was required. For the refractory cohort, the unacceptably low CR/CRp rate was set at 0.5%, with a target remission rate of 10% of per-protocol patients. With ␣ at 0.05 and ␤ at 0.1, 30 per-protocol patients were to be enrolled in the first stage. In the absence of CR, CRp, or PR, accrual was to stop. Otherwise, accrual of 55 per-protocol patients was planned. For the relapsed cohort, the corresponding CR/CRp rates were 10% and 25% of per-protocol patients, respectively. With ␣ at 0.05 and ␤ at 0.1, 31 per-protocol patients were to be enrolled in the first stage. Accrual was to stop if 3 or fewer CR, CRp, or PR were documented. Otherwise, accrual of 99 per-protocol patients was planned.
Two factors resulted in a higher than planned patient number. First, the protocol was amended to increase the sample size to 225 patients based on observed dropout rates (failure to complete 21 days of treatment) of 45% and 30% in the refractory and relapsed groups, respectively. In addition, presumably because of the absence of other effective therapies, patients were enrolled on the protocol at such a rapid rate that strict adherence to the pre-specified numbers did not occur. To allow data to be collected and lead investigators to evaluate responses and decide whether to enroll additional patients, enrollment was stopped completely for 3 and a half months after the first 150 patients were enrolled. The requisite number of CRs specified in the first stage of the 2-stage design (1 in the refractory cohort and 3 in the relapse cohort) was identified, and the data were reviewed with lead investigators. The decision was made not to wait for confirmation of CR, a fact that accounts for the lower number of confirmed CRs with which the study ended: a number of the CRs were never confirmed, in some cases because of progression, and in others because of patient refusal to undergo additional bone marrow examinations. When enrollment resumed, additional patients were again enrolled at a very rapid rate but very few patients in this group achieved a confirmed CR.
Although the protocol specified that the primary analysis population was the per-protocol population of patients, the analyses in this report are based on the more conservative approach of considering all treated patients in the analyses. Survival is estimated by the Kaplan-Meier method.
Results

Patients
The study was conducted between March 2001 and January 2003 in 13 countries in Europe, North America, and Asia. Two hundred fifty-two patients, 117 with refractory AML and 135 with relapsed AML, entered the study (169 patients, 78 refractory and 91 relapsed, met the per-protocol definition of having received 21 days of treatment). Table 1 summarizes baseline demographic and disease characteristics. Among the relapsed cohort, 69 patients (51%) were in first and 66 (49%) in second or subsequent relapse. Forty-four of 135 (32.6%) patients assigned to the relapsed cohort based on their response to first-line therapy were actually refractory to their most recent therapy (refractory relapse). Among 17 patients assigned to the refractory disease cohort, almost all (105; 89.7%) were refractory to their initial therapy; 41 patients never reached CR with 2 to 3 courses of induction therapy, 31 patients over the age of 60 did not achieve CR with one course of induction therapy, 7 patients relapsed rapidly after having attained CR with 1 course of induction, and 26 patients were refractory to their first induction but obtained CR with second or third induction, with rapid recurrence thereafter. The remaining 12 refractory patients attained a CR with first induction, but were refractory to subsequent induction at recurrence. The median time from diagnosis was 6.0 months for the patients with refractory disease and 19.6 months for those with relapsed disease. Approximately one quarter (26.4%) of the patients were ECOG performance status 2. Abnormalities of chromosomes 5 or 7, associated with an unfavorable prognosis, were present at diagnosis in 15.5% of patients.
Tipifarnib treatment and exposure
The median time on study drug was 24.5 days (range, 1-296 days). One hundred thirty-seven patients (54.4%) received more than 1 cycle of therapy and 66 patients (26.2%) received 3 or more cycles. The average dose intensity was 892 mg/d, which was 99% of the target dose intensity (1200 mg/d for 21 of 28 days ϭ 900 mg/d). Dose intensity was similar in the refractory and relapsed cohorts and across age groups (age Ͻ 65 years, 65-74 years, or age Ն 75). Treatment delays were implemented in 41 patients (29.9%) who received more than one cycle of tipifarnib. Eighty-one patients (32.1%) had at least one dose reduction. For 24 of these patients, the dose reduction was due to a drug-related adverse event, most commonly thrombocytopenia or neutropenia. Dose escalation to 900 mg BID was implemented in 18 patients (7.1%) who did not obtain a clinical response and had no grade 3 or 4 toxicity.
Tipifarnib plasma pharmacokinetics
Full pharmacokinetic profiles after the first 600-mg dose of tipifarnib were available from 17 patients. The median t max value of tipifarnib was 2 hours. On average, the C max (Ϯ SD) and AUC 12h (Ϯ SD) values of tipifarnib were 1851 Ϯ 1376 ng/mL and 9146 Ϯ 9504 ng ⅐ h/mL, respectively. Elimination followed first-order kinetics over the 12-hour dosing interval. Figure 1 illustrates the plasma concentration-time profile of tipifarnib.
Efficacy
Antileukemic activity. Based on the bone marrow results reported by the independent hematologist and peripheral blood counts analyzed at the sites, CR 9 or CRp 2 was observed in 11 of 252 patients (7 relapsed and 4 refractory, 4%). Response was defined as the best response achieved by the patient during the course of the study. CR/CRp was confirmed at least 4 weeks later in 3 patients (1%). The median time to response was 58 days for patients who achieved a CR and 68 days (57 and 78 days) for the 2 patients who achieved a CRp. Median duration of response was 78 days for CR/CRp. Table 2 lists the characteristics of the patients who achieved a CR/CRp.
One hundred thirty-four patients (53.2%) had a postbaseline bone marrow response. Nineteen of these patients (12 relapsed and 7 refractory), including all of those who achieved CR/CRp, achieved less than 5% bone marrow blasts; bone marrow blasts were reduced by more than 50% in 8 additional patients (6 relapsed and 2 refractory; total ϭ 27/252; 11%).
Survival. Figure 2 shows Kaplan-Meier curves for overall survival according to refractory or relapsed cohort. Median survival was 87 days for the total patient population, 65 days for the refractory cohort, and 94 days for the relapsed cohort. Table 3 and Figure 3 show survival data by patient response to treatment. 
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Safety profile and patient hospitalization
Neutropenia and thrombocytopenia were reported frequently before and during treatment on study. The relationship of hematologic adverse events to the study drug is difficult to discern in the context of relapsed/refractory AML and should be interpreted accordingly. Grade 3 or 4 neutropenia was present in 63% of patients and grade 3 or 4 thrombocytopenia was present in 67% of patients upon entry into the study. When it occurred on treatment, the median duration of grade 3 or 4 neutropenia was 36 days, and the median duration of grade 3 or 4 thrombocytopenia was 22 days. The incidence of febrile neutropenia was 27%. When considering shifts from baseline values, 27% of patients had a worsening of at least 2 grades in neutrophil count and 23% of patients had a worsening of at least 2 grades in platelet count. Although these shifts provide a sense of changes in blood counts during the study, they do not help to distinguish the effect of the drug from that of the underlying disease. Table 4 lists the most commonly reported drug-related nonhematologic adverse events. The most frequently reported were fever, nausea, and hypokalemia. No drug-related grade 4 vomiting or diarrhea was observed, and Ͻ 1% (0.4%) of grade 4 nausea occurred. Skin rash attributed to treatment with tipifarnib was reported in 10.7% of patients. Drug-related grade 3 or 4 rash was observed in 8 patients (3.2%).
Hypokalemia was the most common biochemical abnormality: 4.8% of patients had grade 3 drug-related abnormalities and 0.4% had grade 4. Most patients who had grades 3 or 4 toxicities were being treated or had recently been treated with diuretics, amphotericin B, or both. No grade 4 and 1.6% of grade 3 blood creatinine elevations were related to drug therapy.
Tipifarnib was often administered in the outpatient setting. Although most patients (82%) were hospitalized at least once, Ͻ 10% of study time (from enrollment until 30 days after last dose of study medication) was spent in the hospital. Disease complications were the most common reasons for hospitalization (Table 5) . Fifty-eight patients (23%) were hospitalized for adverse events associated with tipifarnib treatment. Adverse events led to the termination of tipifarnib treatment in 29% of patients.
The main cause of death during this study was leukemic disease progression. Eighteen patients (7.1%) died as a result of an adverse event associated with tipifarnib toxicity. Nine patients (3.6%) died as a result of sepsis (other causes: pneumonia and cerebral hemorrhage, 2 each; infection, hepatic failure, cardiac arrest, anemia-hyperbilirubinemia, increased creatinine-generalized edema, all 1 each). The rate of adverse event-related death on days 14 or 28 was 5% and 11%, respectively. All adverse event-related deaths are included because of the difficulty in differentiating drug-related deaths when patients are suffering from the effects of AML.
Discussion
This study assessed the efficacy of tipifarnib in 252 patients with refractory or relapsed AML and confirmed the antileukemic activity initially observed in the phase 1 setting. 6 This activity was observed among refractory and relapsed patients. Tipifarnib therapy resulted in a 4% CR rate, which was associated with prolonged survival. Especially interesting is the observation of CR in 2 patients with unfavorable cytogenetics. A reduction in bone marrow blasts of at least 50% was documented in 11% of patients. We acknowledge that this was a disappointingly low response rate, which was below our expectations because, in our statistical hypothesis, the target CR rate for the refractory cohort was 10% and 25% CR/CRp for the relapsed cohort. Although it is difficult to be certain, chemotherapy may have produced a 10% to 20% response rate in this setting albeit with a much higher associated toxic death rate. Although the response rate was low, the patients were heavily pretreated. Nonetheless, the definition of 'refractory' did include patients who achieved CR, but relapsed within 6 months. Patients with such a short CR duration do relatively poorly, though perhaps not as badly as truly primary refractory patients. Although older patients were required to have failed just 1 regimen, it is possible a small number of such patients could have achieved a brief CR if given reinduction chemotherapy. In general, there is a relatively favorable prognosis in patients with a first CR of more than 18 months. In the relapsed cohort in this study the median duration of the first CR was 19.6 months; however, because 69 of 135 patients (51%) were over the age of 60, they did not receive more aggressive conventional chemotherapy (ie, high dose ara-C).
This study included a large population of biologically refractory AML patients. A significant number of these patients were elderly, had unfavorable karyotype, or were refractory to treatment at some point in the course of their disease. Antecedent myelodysplasia (20%) was also prevalent in these patients. These factors predict for poor response or tolerance to conventional salvage chemotherapy and justify the study of a novel targeted therapy in this patient population. Although the CR rate did not meet the prespecified target hoped for in this study, the findings suggest that tipifarnib is active against AML and that a broader view of response needs to be considered for the evaluation of targeted agents. A similar view was expressed by the investigators who reported the early results of the use of FLT3 inhibitors: these agents are considered active, because of the reported decrease in circulating and bone marrow blasts, despite the lack of any CRs with single-agent treatment. 14, 15 The very low clinical response rate observed in advanced previously treated AML patients does not justify the use of single agents such as FLT3 inhibitor or tipifarnib in this setting; however, they may be effective in combination with cytotoxic chemotherapy at earlier stages of the disease.
Early clinical investigations of tipifarnib focused on FTase inhibition of the product of mutated ras genes, 16 found in high prevalence in pancreatic 17 and colorectal cancers. 18 In contrast, the rationale supporting the investigation of tipifarnib in myeloid leukemias rests on (1) the high expression of FTase in bone marrow, 7 (2) the dysregulation and mutations of Ras in AML, [19] [20] [21] [22] (3) the antileukemic activity of tipifarnib in vitro at concentrations that can be achieved clinically, 23 (4) the selective accumulation of tipifarnib in the bone marrow, 6 (5) the dose-related incidence of myelosuppression with tipifarnib, 6 and (6) the induction of complete remissions with monotherapy in a phase 1 study of patients with poor-risk leukemia. 6 The latter established that tipifarnib consistently inhibits the molecular target (FTase) at the recommended dose (600 mg BID), which resulted in farnesylation inhibition of surrogate proteins (HDJ-2) and inhibition of Rasdependent ERK pathways. Additional farnesylated proteins implicated as candidate targets that may mediate the antitumor effects of FTIs include Rho B, CENP-E and CENP-F, lamins A and B, and the protein tyrosine phosphatase PTP-CAAX. Regulation of these proteins and their downstream effectors may lead to the modulation of cell growth, proliferation, and apoptosis; therefore, it seems that FTIs may have complex inhibitory effects on several cellular events and pathways.
Tipifarnib is rapidly absorbed into the bloodstream after oral administration. The trough concentration of tipifarnib 12 hours after dosing is approximately 5-to 93-fold higher than the IC 50 values for inhibition of proliferation of several AML-like cell lines. The selective accumulation of FTase in the bone marrow may explain the relative end-organ specificity and safety profile of tipifarnib. Indeed, myelosuppression was the predominant toxicity that was associated with tipifarnib in these patients. Treatment-related mortality rates observed in this study are lower than the rates (25% on average) associated with standard induction chemotherapy. 24 The incidence of drug-related nonhematologic grade 4 adverse events and drug-related deaths were low in this study compared with that observed during standard induction chemotherapy. 25 Fever, nausea, and hypokalemia were the most common nonhematologic adverse events in this study. The low rate of severe mucositis (2%) may explain, at least in part, the relatively low rate of septic death.
This study provides additional evidence that tipifarnib is active in patients with relapsed or refractory AML and that treatment may result in durable remission in some patients. No new side effects related to tipifarnib treatment were identified, and there was a low incidence of severe nonhematologic toxicity. Tipifarnib has demonstrated clinical efficacy (14% CR rate) in patients with previously untreated AML, 26 as well as in patients with myelodysplastic syndromes, juvenile myelomonocytic leukemia, 10 and chronic myeloid leukemia. 9 In the context of its effect on newly diagnosed AML and other hematologic malignancies, the results from this study are encouraging. The complete remissions observed in a few For personal use only. on June 14, 2017. by guest www.bloodjournal.org From patients, including 2 patients with unfavorable cytogenetics, suggest the consideration of combining tipifarnib with other antileukemic therapies, and the importance of identifying factors that will predict response or resistance to tipifarnib. A correlative study that identifies molecular markers predictive of response/resistance to tipifarnib has been reported elsewhere. 27 
